We develop a Bayesian hierarchical log5 model to predict the probability of a particular batter/pitcher matchup event in baseball by extending the log5 model which is widely used for describing matchup events. The log5 model is simple and intuitive with fixed coefficients but less flexible than the generalized log5 model that allows the estimation of coefficients using data. Meanwhile, although the generalized log5 model is more flexible, the estimation of coefficients often suffers from a lack of data as a large sample of previous outcomes for a particular batter/pitcher matchup is rarely available in practice. The proposed Bayesian hierarchical log5 model retains the advantages of both models while complementing their disadvantages by estimating the unknown coefficients as in the generalized log5 model, but by using the fixed coefficients of the standard log5 model as prior knowledge. By combining the ideas of the two previous models, the proposed model can estimate the probability of a particular matchup event using a small amount of historical data of the players. Furthermore, we show that the Bayesian hierarchical log5 model achieves better predictive performance than the standard log5 model and the generalized log5 model using a real data example. We further extend the proposed model by including a new variable representing the defensive ability of the pitcher's team and show that the extended model can further improve the predictive performance of the Bayesian hierarchical log5 model.
Introduction
Baseball is a sport that requires various strategic data analyses for effective team management; these analyses are known as sabermetrics. Technological developments in data acquisition have accelerated the trend of using historical play data while building game tactics. Baseball managers can use players' data to optimize the team's line up and build an appropriate plan for the game. In addition, performance and skill evaluations can help players improve their personal competence and contribute to their team. For example, Oakland Athletics went into the major league baseball (MLB) postseason from 2000 to 2003 despite having the lowest payroll among the major league teams. This was achieved by rebuilding the team with players who could contribute to the team's victory regardless of their fame or salary. Oakland Athletics' analyses determined that batter's on base percentage (OBP) and slugging average (SLG) are a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 more closely related to a team's victory than runs batted in (RBI), which was regarded as a good indicator of a batter's hitting ability [1] . Presently, many MLB teams employ data scientists, called sabermetricians, to analyze the game with statistical methods [2] .
Research on baseball data analysis has mainly focused on predicting the winner of a game. For example, Barry and Hartigan [3] used a generalized choice model to predict the probability of a team winning a particular game. Bukiet et al. [4] used a Markov chain method to find optimal batting orders and the expected number of games a team will win. Yang and Swartz [5] used a two-stage Bayesian model for predicting winners in major league baseball. Lyle [6] used ensemble learning which employs model trees, artificial neural networks, and support vector machine, to predict players' future performance. Smith [7] used a Markov chain model for predicting the scores and the winning team of major league baseball games.
However, few studies have focused on the analysis of a particular batter/pitcher matchup event, despite its importance in team building, player usage, and strategic game operation [8] . The log5 model proposed by James is the most widely used model for batter/picther matchup analysis [9] . The log5 model predicts the probability of the occurrence of a binary event, such as home run or strikeout, using three variables: the pitcher's rate of the event, the batter's rate of the event, and the league average of the event. For example, when predicting the probability of occurrence of a home run for a matchup, if a batter with a higher home run rate than the league average confronts a pitcher with a higher home run rate than the league average, the log5 model predicts that a home run is likely to occur in that matchup. By extending the log5 model, Healey [10] proposed the generalized log5 model for modeling the probability of a strikeout for a batter/pitcher matchup. The generalized log5 model allows for the three variables in the log5 model to have various coefficients that can be estimated through logistic regression, whereas the coefficients are fixed as 1 or -1 in the standard log5 model.
Although the generalized log5 model is more flexible than the standard log5 model, the estimation of its coefficients can be problematic if sufficient samples of previous outcomes for a particular batter/pitcher matchup are not available. However, sufficient data are rarely available for individual players [11] . To overcome this challenge, Healey [10] partitioned batters and pitchers into one of four platoon configurations according to the handedness (i.e., lefthanded pitcher vs. left-handed batter, left-handed pitcher vs. right-handed batter, righthanded pitcher vs. left-handed batter, and right-handed pitcher vs. right-handed batter), and then built a separate model for each group using larger samples of players who belong to the same group. Each of the four models can be used to predict the probability of a strikeout when a batter from a particular group faces a pitcher from a particular group. Although this approach can increase the sample size, the expected outcome of a matchup is significantly influenced by the way the platoon is configured [11] . In particular, using the data of other players to predict the outcome of a particular batter/pitcher confrontation could lead to undesirable prediction results. For example, if there is a batter with a low overall batting average but with a relatively high batting average against a certain pitcher, it may be more meaningful to predict the matchup results by using the corresponding records of the two players only, rather than using a larger dataset from the players in the same platoon configuration. This is often the case when particular two players are in rivalry [12] .
In this study, we develop a Bayesian hierarchical log5 model to predict the probability of a particular batter/pitcher matchup event using only a small amount of data from the two players concerned. The Bayesian hierarchical log5 model combines the ideas of the standard log5 model and the generalized log5 model. The proposed model allows various coefficients to be estimated from data, similar to the generalized log5 model; however, unlike the generalized log5 model, the proposed model does not require the platoon configuration. Instead, it uses the fixed coefficients of the standard log5 model as prior information. In this way, we can avoid the problem of inaccurate estimation caused by insufficient examples. To illustrate a specific scenario, we particularly address the problem of predicting whether a batter reaches base safely when he faces a particular pitcher using the data of the two players only. Using the proposed model, we derive the posterior predictive distribution of the probability of reaching base for each batter-pitcher pair. We compare the predictive performance of the proposed model with that of the standard log5 model and the generalized log5 model and demonstrate the effectiveness of the proposed model. Furthermore, we show that the opposite on base percentage of a pitcher's team is significant for the prediction of the probability that an opposite team's batter reaches base, and extend our model by including a defense index as a new variable.
The remainder of this paper is organized as follows. We first introduce the log5 model and the generalized log5 model, and then develop a Bayesian hierarchical log5 model in Section 2. The proposed model is validated using real data examples in Section 3. We extend the proposed model by incorporating a new variable in Section 4. Finally, we conclude the paper in Section 5.
Methodology

Review of log5 model and generalized log5 model
We describe the log5 model for the specific problem of predicting the probability of a particular batter reaching base when a particular pitcher is matched. Let B be a batter's on base percentage (OBP) and let P be a pitcher's opposite on base percentage (OOBP) in a league with an OBP average of L. OBP describes how often a batter reaches base in a given period, and OOBP represents how often a pitcher let an opposing batter reach base in a given period.
where H = Hits, BB = Bases On Balls, HBP = Hit By Pitches, AB = At Bats, and SF = Sacrifice Flies. OBP captures a batter's positive contribution to the scoring process better than a simple batting average by considering not only the batter's batting ability but also his plate discipline [13] . The probability of a batter reaching base for a given matchup, denoted by π, can be represented using the log5 model as follows [9] :
Although in this study we consider the event of a batter reaching base, as mentioned in Section 1, the probability of other events occurring from batter and pitcher confrontations can be modeled similarly using Eq (1) by inserting the corresponding values of the batter, pitcher, and league average. From Eq (1), we can see that B and P have a positive relationship with π, whereas L has negative relationship with π. This is consistent with our intuition that the likelihood of a batter reaching base is higher if the batter's OBP and the pitcher's OOBP are higher than the league average. Owing to its interpretability and simplicity, the log5 model has been widely used for describing matchups in sports [14] . Eq (1) can be rewritten as
where B o , P o , L o , and π o are the odds ratios for B, P, L, and π, respectively:
By taking the natural log on both sides, Eq (2) can be equivalently represented as follows:
The generalized log5 model is obtained by introducing coefficients for each variable in Eq (4) as follows:
We can see that the log5 model in Eq (4) is a special case of the generalized log5 model when β 1 , β 2 , and β 3 are 1, 1, and -1, respectively. In the generalized log5 model, the coefficients β 1 , β 2 , and β 3 are flexibly estimated using data within each platoon configuration. By taking the exponent of both sides of Eq (5) and solving for π, the probability of a batter reaching base can be represented using the generalized log5 model as follows:
Healey [10] estimated β 1 , β 2 , and β 3 in Eq (6) using the constrained logistic regression with the constraint
A Bayesian hierarchical log5 model
The log5 model and the generalized log5 model have both advantages and disadvantages. The log5 model is simple and intuitive, and applicable to a small amount of data. However, it is less flexible as the coefficients for ln(B o ), ln(P o ), and ln(L o ) are fixed as 1, 1, and -1, respectively, as in Eq (4). In contrast, the generalized log5 model is more flexible as the coefficients can have various values. However, it requires a sufficient amount of data for accurate estimation of the coefficients. In practice, a large sample of previous outcomes for a particular batter/pitcher matchup is rarely available. To overcome this difficulty, the generalized log5 model uses data from players who share similar characteristics (e.g., handedness). However, distinguishing players with similar characteristics can be arbitrary, and data from other players is not always helpful for the analysis of a particular batter/pitcher matchup, particularly if the batter and pitcher are in rivalry.
To retain the advantages while complementing the disadvantages of the standard log5 model and the generalized log5 model, we develop a Bayesian hierarchical log5 model that combines the ideas of the two models. The proposed model allows various values of coefficients, similar to the generalized log5 model, but only uses a small sample of previous outcomes for a particular batter/pitcher matchup, similar to the standard log5 model. To overcome the problem of insufficient samples for a particular batter/pitcher matchup, the proposed model uses the fixed coefficients of the standard log5 model as prior information for the various coefficients in the generalized log5 model.
More specifically, suppose that we have a total of n matchup events for a particular batter and a particular pitcher, and each matchup event is independent of each other. For the ith matchup event, we consider a binary response y i that takes the value 1 if the batter reaches base and takes the value 0 otherwise. We view y i as a realization of a Bernoulli random variable Y i that takes the values of 1 and 0 with probabilities π i and 1 − π i , respectively. That is, T denote a vector of regression coefficients.
The Bayesian hierarchical log5 model is given by
. . . ; n; 
The integral of β, μ, and σ 2 in Eq (9) is done numerically using the Markov chain Monte Carlo (MCMC) method. We first generate M samples [β (1) ,
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To generate samples from the posterior distribution p(β, μ, σ 2 |X, y), we used slice sampling [15] .
Experiments
Data
In this study, we used the data of regular-season baseball games in the Korea Baseball Organization (KBO) league from April 2008 to October 2017. The KBO league is a professional baseball organization and the largest and most famous sports league in South Korea. To collect data of whether a batter reaches base or not, we crawled the data from a real-time text broadcasting service provided by the Korea portal site "Naver". The data of OBP of batters, OOBP of pitchers, and league average OBP were collected from the website "www.statiz.co.kr" that provides statistical records of every player in the KBO. To obtain reliable data of OBP and OOBP, we considered only the data of players with at least 350 plate appearances.
Results
To evaluate the performance of the Bayesian hierarchical log5 model, we selected 5 pitchers and 15 batters from the KBO league who consistently participated in games during the considered period. The list of players is presented in Table 1 . We considered every possible pair of the selected pitchers and batters, i.e., a total of 75 batter/pitcher matchup combinations. For each batter/pitcher combination, we first use the matchup data from 2008 to 2014 as a training set and predict the probability of the batter reaching base in 2015. Then, the matchup data in 2015 are also added to the training set to predict the probability of the batter reaching base in 2016. In this way, the training data are accumulated gradually to predict the probability of the batter reaching base in the next year, up to the prediction for 2017. When predicting the probability, we used the yearly average of OBP and OOBP for each player as the predictors in our model.
Our predicted probability is compared with the true probability, which is calculated by dividing the number of plate appearances for which the batter reaches base when confronting the particular pitcher for the given year by the total number of plate appearances for the considered batter/pitcher matchup. We measured the prediction performance using the mean square error (MSE), then computed the average of the MSE over all 225 tested cases (i.e., 3 cases for each of 75 batter/pitcher pairs). To predict the probability, we estimated the parameters in the Bayesian hierarchical log5 model using slice sampling as previously mentioned. We generated a total of 100,000 samples and discarded the first 10,000 samples in a burn-in period. We checked the convergence of the parameters using Geweke's diagnostic, which tests for equality of the means of the first and last parts of a Markov chain [16] .
The performance of the proposed model is compared with that of the standard log5 model and the generalized log5 model. For the generalized log5 model, platoon configuration of players according to their handedness was used as suggested in [10] . Table 2 summarizes the average of MSE with standard errors in parentheses. We can see that the prediction error of the Bayesian hierarchical log5 model is substantially lower than the other competing models. The generalized log5 and standard log5 models showed similar performance. posterior means of the coefficients for each batter/pitcher combination, and then took an average of them over all combinations of batter and pitcher, because different coefficients were estimated for different combinations of batter and pitcher. Similarly, the coefficients of the generalized log5 model reported in Table 2 were obtained by averaging the coefficients over all platoon configurations. In addition to higher predictive accuracy, the Bayesian hierarchical log5 model produces a predictive distribution which gives richer information of the probability that a batter reaches base. For example, the left and right panels of Fig 1 show the predictive distributions of the probability of reaching base for two batters, J. C. Kim and B. H. Lee, respectively, when confronting the pitcher K. H. Kim during the 2015 KBO season. It is clear that the predictive distribution for J. C. Kim results in a narrower distribution than B. H. Lee, which indicates that the prediction for J. C. Kim has less uncertainty than the prediction for B. H. Lee. The differently estimated posterior means of the coefficients for J. C. Kim and B. H. Lee were also compared in Table 3 .
Furthermore, to see if we can improve the predictive performance for a particular pitcher in a certain matchup using data from all other matchups in which he participated, we also considered an extended version of the Bayesian hierarchical log5 model as follows: where i is a batter index, b is the number of batters who faced the concerned pitcher, j is a matchup index, and n i is the total number of matchup events between the concerned pitcher and batter i. In this model, β i , i = 1, . . ., b, are drawn from a common prior distribution. Using this model, the averaged MSE was obtained as 0.0514 (standard error: 0.1235), which is smaller than that of the standard log5 and generalized log5 models, but is larger than that of the Bayesian hierarchical log5 model in Table 2 . These results show that for the prediction of the outcome between a particular pitcher and a particular batter, it may be more effective to use the data of the two players only, rather than to borrow the information from other players.
Model extension
Four-variable Bayesian hierarchical log5 model
We extend the Bayesian hierarchical log5 model by adding a new variable, which represents a defense index, and suggest a four-variable Bayesian hierarchical log5 model. Naturally, a batter who meets an opponent team with a good defensive ability will have a hard time getting on base. For example, even if a pitcher makes a mistake and allows a ground ball from the batter, a good defensive team can catch the ball quickly and stop the batter from getting on base. Therefore, a pitcher on the mound can throw a more confident and stable pitch if he trusts his team's defense. Many defensive tactics about keeping batters from getting on base via wellorganized plays imply that not only the pitcher's pitching ability but also the defensive ability of the infield and outfield are important in preventing opponent batters from getting on base. The relationship between a team's defensive ability and the rate of opponent batter's reaching base may be illustrated by investigating how a pitcher's OOBP changes when they change team (e.g., from a poor defensive team to a good defensive team or from a good defensive team to a poor defensive team). Table 4 shows the changes in OOBP of two pitchers who changed team. W.C. Cha, a pitcher for the Samsung Lions, a team with a poor defense efficiency ratio from 2014 to 2016, recorded the lowest OOBP after transferring to the LG Twins, who had the highest defense efficiency ratio in the KBO league in 2017. E.B. Song, a pitcher for the SK Wyverns, who had top-of-the-league defensive abilities, recorded the highest OOBP after moving to the Kia Tigers, who had the lowest defense efficiency ratio in 2017. These two cases show that whether an opponent batter reaches base or not is highly dependent on the defensive ability of the pitcher's team. As a defense index, we use the defensive efficiency ratio (DER), which is a classic sabermetrics measure used to evaluate team defense ability rather than a certain player's defense ability. The DER measures the rate that a batter reaches base on balls put in play and is computed as follows [17] :
where H = hits, HR = home runs, PA = plate appearances, BB = bases on balls (walks), SO = strike outs, and HBP = hit by pitches. With the new variable DER, the model in Eq (5) is changed as T as a pitcher team's DER is expected to be negatively correlated with the probability of a batter reaching base.
Experimental results
To evaluate whether the newly added variable DER improves the predictive ability of the proposed model, we compared the performance of the four-variable Bayesian hierarchical log5 model with that of competing models: the three-variable Bayesian hierarchical log5 model, the three-variable generalized log5 model (which we considered in Section 3.2), and the four-variable generalized log5 model. The four-variable generalized log5 model was constructed from the model in Eq (11) without the prior distributions over β i , i = 1, . . ., 4. The standard log5 model was not considered as it only contains three variables. The same experimental settings as in Section 3.2 were considered. Table 5 compares the MSE values of the competing models, along with standard errors in parentheses. We can see that the four-variable Bayesian hierarchical log5 model improves upon the three-variable Bayesian hierarchical log5 model and achieves the lowest MSE among the competing models. The performance of the generalized log5 model was also improved when the new variable, DER, was added, although its MSE value was larger than even the three-variable Bayesian hierarchical log5 model. The estimated coefficients were also summarized in Table 5 . Similar to Table 2 , for the Bayesian hierarchical log5 model, we took an average of the posterior means over all models for different batter/ pitcher matchups, and for the generalized log5 model, we took an average of the estimated coefficients over all models for different platoon configurations. 
Further extension
Recall that the four-variable Bayesian hierarchical log5 model uses the hyperprior mean -1 for the new variable DER based on the fact that DER is negatively related to the probability of a batter reaching base. Although it is reasonable to set a hyperprior mean as a negative value, the specific value -1 is somewhat arbitrary compared to the hyperprior means for other coefficients (i.e., 1, 1, and -1 for β 1 , β 2 , and β 3 , respectively) being set using the coefficients of the standard log5 model. We further extend the four-variable Bayesian hierarchical log5 model by using a different hyperprior mean for β: instead of the coefficients from the standard log5 model, the coefficients of the generalized log5 model are used as a hyperprior mean for β.
With the same experimental settings in Section 4.2, we conducted experiments using the fourvariable Bayesian hierarchical log5 model with the new hyperprior mean. The results are summarized in Table 6 . The coefficients in Table 6 are the average of the posterior means over all models for different combinations of batter and pitcher. Compared with the four-variable Bayesian hierarchical log5 model considered in Section 4.2, the MSE value was obtained to be lower. It may be possible to improve the predictive performance of the Bayesian hierarchical log5 model by trying the two different hyperprior means (i.e., standard log5 model-based, generalized log5 model-based) for training and choosing the one with a smaller training error.
Conclusion
In this paper, we proposed a new model, the Bayesian hierarchical log5 model, to predict the probability that a batter reaches base when he confronts a particular pitcher using the matchup data of the two players. The Bayesian hierarchical log5 model imposes a prior distribution for the coefficients of the generalized log5 model; the fixed coefficients of the standard log5 model are used to specify the hyperprior for the coefficients. Using a real data example, we showed that the proposed model can predict the probability of a batter reaching base more effectively than the standard log5 model and the generalized log5 model. Unlike the generalized log5 model, the proposed model uses the data of the considered players only; therefore, a more accurate prediction could be achieved when considering a particular batter/pitcher matchup, while overcoming the problem of a lack of available data by using the prior information. The proposed model can be particularly useful when analyzing a matchup between two players in rivalry, for which it would be more desirable to use the data of only the two players to remove the effects of other players. We further extend the proposed model by adding an index for the pitching team's defense ability, DER. We showed that the extended Bayesian hierarchical log5 model further improves the predictive performance using a real data example. In future research, it may be possible to further extend the proposed model by considering other significant variables. For example, batters' pitch recognition skills, which are known to be highly related with baseball batting game statistics [18] , can be included in the proposed model to further improve the predictive performance. 
